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PUBLICATION THESIS OPTION 
This thesis consists of the following two papers that have been submitted for 
publication as follows: 
 Pages 1–23 are expanded publication in TMS 2007 Friction Stir Welding and 
Processing IV Symposium. 




This thesis investigates the feasibility and benefits of using friction stir processing 
as a thermo-mechanical microstructural modification tool for local property enhancement 
or casting repair of magnesium alloys, specifically high strength EV31A and WE43. 
Castings often have usage limitations due to the inherent microstructural inhomogeneity 
from solidification; in addition magnesium cast alloys generally suffer from poor 
ductility and relatively low strength, yet the low density of magnesium is very attractive 
for weight critical applications. 
Friction stir processing (FSP) is a proven tool for enhancement of aluminum 
alloys, imparting a fine-grained, homogeneous microstructure. The alloys in this study 
are designed for elevated temperature service in the aerospace and high performance 
automotive industries and are suitable in applications were lightweight and exceptional 
strength are desired. WE43 has excellent temperature resistance up to 300°C, and EV31A 
is a more industry cost-effective alternative to WE43 and has excellent strength retention 
up to 200°C. Results from the present work showed that both alloys are easily adapted to 
the use of FSP, and significant strength and ductility gains were achieved in both alloys 
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Effect of friction stir processing parameters on the microstructural 
and mechanical properties of high strength magnesium cast alloy 
 
T.A. Freeney and R.S. Mishra 
 
Center for Friction Stir Processing, Materials Science and Engineering, University of 
Missouri, Rolla, MO 65409, USA 
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Abstract 
A heat treatable sand cast WE43 magnesium alloy was friction stir processed (FSP) 
at 3 heat indices to determine the effect on microstructural and mechanical properties of 
the processed region. In addition, the sequence of solutionizing and aging heat treatment 
was investigated to maximize the processing efficiency, which is defined as the percent 
increase of FSP nugget yield strength over base yield strength. The maximum processing 
efficiency achieved for the casting was 125%, when a yield strength of 250 MPa was 
achieved in the FSP + T5 heat treatment condition. Compared to a yield strength of 202 
MPa in the cast + T6 condition, this increase in mechanical properties is an attractive 
prospect for the local enhancement of Mg-Y-Nd-Zr sand castings. 
 
1. Introduction 
Cast magnesium alloys are becoming increasingly popular for use as structural 
components in the automotive and aerospace industries. The growing need among these 
industries to lower fuel consumption and satisfy emission guidelines has increased the 
attractiveness of using magnesium to replace components currently made from steel, 
aluminum, and polymer composites [1,2]. The use of casting processes in these 
applications is beneficial due to the ease of creating complex shapes and internal cavities, 
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which ultimately can result in the reduction of total part cost for assembly [3]. The 
benefit of magnesium casting is highlighted by exceptional fluidity, fast cycle time due to 
low latent heat, and good die life. State-of-the-art magnesium alloys offer high specific 
strength at room and elevated temperatures, good creep and corrosion properties, good 
castability, exceptional machineability and dampening characteristics [4]. Despite all 
these benefits of the casting process, mechanical properties can vary significantly due to 
solidification issues such as coarse interdendritic phases, large grain size, and 
interdendritic microporosity [5,6]. 
FSP has been proven to be an effective technology for the production of a fine-
grained, homogenous, porosity-free microstructure in cast aluminum alloys, A356 and 
A319 [6,7]. In the studies by Ma et al. [6,8,9] on A356, a significant increase in 
mechanical properties, strength, ductility and fatigue life in the nugget region was 
reported. In magnesium casting, FSP may be a viable process for local mechanical 
property improvement as well as for the repair of casting defects. FSP has been 
demonstrated on magnesium-aluminum-manganese (AM) and magnesium-aluminum-
zinc (AZ) casting alloys AM60B, AM50, AZ91/6, AZ91D4, AZ95D/5 [4,10,11,12,13]. 
The aluminum-manganese and aluminum-zinc alloy series, such as in the previous 
studies, are relatively inexpensive due to the relatively low cost of the alloying additions 
and ease of liquid alloying when compared to rare earth additions [14]. A notable study 
of single and multiple pass FSP of Mg-Y-Zn cast alloy demonstrated that a significant 
reduction in grain size was achieved while multiple passes resulted in no significant 
coarsening of grains in prior passes [15]. WE43 is a high strength casting alloy developed 
by Magnesium Elektron with excellent high temperature strength retention, corrosion 
resistance and long-term temperature stability up to 250°C. However, the use of rare 
earth elements in this alloy (Y, Nd), as well as required attention to melt practices, make 
the alloy more costly [16]. And cost is important when the decision is whether to repair or 
to scrap a casting. In the case of expensive castings, repair and modification processes 




2. Alloying Elements 
2.1. Mg-Zr 
An excellent summary of the current state of knowledge of grain refinement in cast 
Mg alloys is given by St. John et al [17]. There are several methods for grain refinement 
of Mg alloys during casting, mainly: superheating, carbon inoculation, incorporation of 
Fe or Al to form Fe and Al-rich intermetallics [18], and Zr addition [17], such as, in 
EV31A. The α-Zr cored structure, which is a characteristic phase in Mg-Zr type alloys, is 
believed to be significant in grain refinement during solidification [19,20,21]. The 
structure is thought to be formed through a peritectic reaction upon solidification [19,21]. 
Current understanding is that zirconium contributes to very effective grain refinement by 
two primary mechanisms: constitutional undercooling due to a high growth restriction 
factor [20]; and grain nucleation due to magnesium and zirconium having the same 
crystal structure and similar lattice parameters [19]. The end result of this reaction is 
spherical clusters of α-Zr particles in Mg matrix. For later discussion, note that Zr does 
not change the decomposition behavior of the super saturated solid solution (SSSS) [22] 
and thus will be ignored.  
 
2.2. Mg-Y-Nd 
Neodymium has a relatively high solubility in Mg (12.5%) and is generally added to 
promote age hardenability and high temperature creep resistance [23]. A compilation of 
data for Mg-RE alloys [22] discusses current knowledge of compounds present in this 
alloy system. The magnesium-rich portion of the Mg-Nd diagram [24,25,26,27] shows 
two compounds, Mg12Nd and Mg41Nd5, of which the latter melts incongruently and the 
former is reported to be a metastable phase [24] due to its ability to decompose into a Mg 
solid solution near its formation temperature [22]. Although Mg12Nd is reported to be 
metastable, its existence has been reported in numerous alloys, at different cooling rates 





Table 1. Summary of probable precipitation sequence for Mg-Nd alloy 
 
Mg-Nd [23] SSSS GP Zones β" β' β 
  plates D019  Mg3Nd Mg12Nd 
   hcp plates  fcc plates bct 
Mg-Nd-RE SSSS β" β' β1[32] β 
(Gd,Dy,Y)  D019 [31] bc ortho fcc fcc 
[23]  platelets globular plates  
 
The solubility of Nd in the equilibrium phase Mg24Y5 and the solubility of Y in the 
equilibrium phase Mg41Nd5 were assumed by Sviderskaya et al [33] and confirmed by 
Rokhlin et al [34]. This study determined that when compared to the binary diagram of 
Mg-Y [35], although precipitates of the same crystal structure form, decomposition of the 
ternary system occurred much faster than in the respective binary systems [34]. With the 
addition of Nd to Mg-Y alloys, the stable Mg24Y5 phase was reported to change to a fcc 
structure isomorphous with Mg5Gd [36,37,38].  
 
3. Experimental Approach 
In this study, the as-received material was a sand cast WE43 component having a 
nominal composition of 4.0Y-2.25Nd-1.0RE-0.6Zr-bal. Mg (in wt. %). The component 
was sectioned into six approximately 1″ thick pieces that were machined so the backing 
and processing surfaces were parallel. Single pass FSP was performed on all samples 
such that adequate time was given in between runs for the backing plate and tool to return 
to room temperature. The processing tool made from MP159 had a 15.5 mm shoulder 
with a conical threaded pin with droot = 7.1 mm, dtip = 4.9 mm and a length of 5 mm. For 
mechanical testing, mini-tensile samples with 4.2 mm gage length and 1 mm gage width 
were machined from the nugget oriented with gage length being entirely in the nugget 
through transverse section. Tensile samples were ground to a final thickness of 0.5-0.55 
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mm and given a 1 µm polished finish before testing. Tensile testing was done at a strain 
rate of 1x10-3 s-1.  
Since heat treatable alloys are rarely used in the as-cast condition, the effects of heat 
treatment on the nugget properties are important. To understand the effect of heat 
treatment on microstructural and mechanical properties, the sequence of heat treatment 
was varied before and after FSP according to the experimental schedule shown in Table 
2. The T6 treatment for WE43 casting involved solutionizing (SS - 520°C for 8h), warm 
water quench (60-80°C), and aging (250°C for 16h). The T5 treatment involved aging at 
250°C for 16h. Metallographic samples were mechanically polished to 0.05 µm and 
etched using an acetic glycol etchant [23]. Images for microstructural analysis were taken 
with the use of optical microscopy (OM) and scanning electron microscopy (JEOL 
840A); qualitative analysis was done with ImageJ software package. Grain size was 
determined through the mean linear intercept method where spatial grain size = mean 
linear intercept length x 1.78. 
 
Table 2. Summary of processing parameters and heat treatment conditions 
 











Cast + FSP 
+T6 
Cast + FSP 
+T5 
SS + FSP 
+T5 
400 102 x x x x 
700 153 x x x - 





4. Results and Discussion 
4.1. Microstructure 
4.1.1. As-Cast 
Figure 1 shows SEM images of the polished as-received WE43 casting. The 
microstructure consists mainly of α-magnesium dendrites and a eutectic yttrium-
neodymium rich lamellar interdendritic region. A study on a nearly identical Mg-Y-Nd 
alloy WN42 [39] determined the eutectic phase to have a composition of 
Mg5(Nd0.67Y0.33). EDS analysis of the eutectic phase in this study was analyzed with the 
same technique, and composition was near Mg5(Nd0.5Y0.5). The needle-like phase located 
at grain boundaries and sparsely through the matrix was analyzed via EDS. Due to the 
small size of the phase, the matrix analysis when subtracted from the precipitate revealed 
an RE stoichiometry identical to the grain boundaries. The white circular particles 
throughout the matrix are the α-Zr cored structure, which is a characteristic phase in 
many Mg-Zr alloys reported earlier [19,20,21] and are believed to be formed through a 
peritectic reaction upon solidification [19]. Optical microscopy showed that some of the 
numerous α-Zr-rich structures had α-Zr particles in the center (visible in Fig. 1). Current 
understanding is that zirconium contributes to very effective grain refinement by two 
primary mechanisms: constitutional undercooling due to a high growth restriction factor 
[20]; and grain nucleation due to magnesium and zirconium having the same crystal 





Fig. 1. SEM images of as-cast WE43. Apart from α-Mg, three phases were identified 
through EDS: interdendritic lamellar Mg5(Nd0.5Y0.5) eutectic phase, needle precipitate of 
Mg5(Nd0.5Y0.5), and α-Zr rich cored structure. 
 
4.1.2. Cast + T6 
In the cast + T6 condition (Fig. 2) the coarse eutectic phase is significantly reduced 
when compared to the as-cast material. The cast + T6 microstructure had an average 
grain size of 80 ± 5 µm, which was determined using the mean linear intercept technique. 
According to [39], peak hardness is associated with the formation of fcc-β1 plates at the 
expense of β” and β’ precipitates. Apps et al. [39] also noted that the observed β1 was 








Fig. 2. OM (left) and SE SEM image (right) of cast + T6 condition. The location of the α-
Zr clusters is apparent and is generally centrally located in a grain or on the boundary. 
SEM image shows incomplete dissolution of eutectic phase and solidification defects. 
 
4.1.3. FSP Microstructure 
That dynamic recrystallization (DRX) results in grain refinement during FSP is well-
accepted [40-43]. Also well-established is that the thermal cycle and high strain 
associated with FSP in both Al and Mg alloys is sufficient to dissolve secondary particles 
[6,8,9,13,44,45,46]. In this study, significant dissolution also occurs, and the analysis of 
microstructure after FSP can give insight to dissolution and understanding of mechanical 
properties. Processed regions were investigated in the T5 condition (Fig. 3) to visualize 
precipitation. At the lowest heat input, dissolution was moderate, and the undissolved 
eutectic phase was readily observable on the grain boundaries. At the middle heat input, 
dissolution was almost complete and intragranular β1 precipitates were observed. At the 
highest heat input, the eutectic phase completely dissolves, re-precipitates and coarsens at 
grain boundaries as a large intergranular connected phase. The present results indicate an 
optimum heat input from the standpoint of eutectic dissolution and cooling rate for 
formation of a supersaturated solid solution (SSSS) available for the precipitation of β1. 
Analysis of the grain size was done from the central region of the nugget, as there was 
variation of grain size across the nugget due to banding. Average grain size for the three 
increasing heat indices were 3.9 ± 0.32 µm, 5.6 ± 0.32 µm and 7.1 ± 0.48 µm. This is a 
significant refinement over the as-cast + T6 grain size of 80 ± 5 µm. 
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In agreement with investigations done on FSP 1050A1 and 7075Al-T651 [47], the 
peak temperature of the FSW/P thermal cycle is the primary contributor to grain size in 
WE43. Charit et al. [47] investigated the grain size of aluminum alloys 7075 and 2024 
during FSW. Their study found no monotonic increase in grain size versus pseudo-heat 
index over a very broad heat input range. Yet for similar heat input, the correlation 
between grain size and heat input achieved in 2024Al seemed to correlate fairly well with 
the results from this study. Figure 4a shows the correlation between the average grain 
size and tool rotation rate. The near linear relationship between tool rotation rate and 
grain size indicates that thermal input through tool rotation rate is the primary factor in 
dictating final grain size. Although the linear fit shows the high importance of tool 
rotation rate, it is unrealistic in predicting grain size, as there will be a saturation point for 
high heat inputs, due to transient melting and its effect on regulating peak temperature 
[48]. Thermal input is also commonly observed to be a function of rotation rate and 
traverse rate [47]. 
The grain size distribution in the center of the nugget for the three heat indices was 
analyzed to determine the influence of the FSP thermal cycle (Fig. 4b). Grain size 
distribution followed a log-normal distribution typical of a recrystallized material. 
Distribution of grain size can provide further insights to the microstructural thermal 





Fig. 3. SEM (a,b) and OM (c) image of nugget grains at respective increasing heat inputs 
of 400 rpm 102 mm/min, 700 rpm 153 mm/min and 900 rpm 127 mm/min in the T5 
condition. Grain size increases with increasing heat input, respectively 3.9 ± 0.32 µm, 5.6 
± 0.32 µm and 7.1 ± 0.48 µm. Bright white particles in SEM Image are α-Zr, and light 
gray particles are eutectic phase. In optical micrograph α-Zr are black, and dark gray 
particles are eutectic phase. 
 
Rhodes et al. [49] postulated through quench studies of 7050Al that the fine-grained 
FSP microstructure was the result of nucleation and growth. In the post-FSP 
microstructure the mean grain size at each heat index was skewed toward the smaller 
grains. As the peak temperature and thermal cycle in the processed region increase, grain 
growth occurs more rapidly; and smaller grains are consumed, shifting the mean of the 







Fig. 4. (a) Variation of mean linear grain size in the central region of the nugget with 
rotation rate. (b) A plot of frequency variation of grain size in the central region of the 
nugget for different heat indices. 
 
Although tool rotation rate shows a strong correlation to grain size, it is not the only 
factor that contributes to thermal input. Thus grain size was plotted as a function of 
process pitch (Fig. 5), which effectively shows the thermal input in a finite volume of 
material associated with the traverse displacement per revolution of the tool. The 
resultant plot demonstrates that as more material is processed per revolution or thermal 






Fig. 5. Variation of mean linear grain size in the central region of the nugget with process 
pitch, which effectively demonstrates the heat input per unit volume of material 
processed. 
 
Figure 6 shows the resultant microstructure after a T6 treatment of the FSP nugget; 
abnormal and normal grain growth significantly increases grain size, thus this heat 
treatment sequence exhibited strength similar to the cast + T6 material. Ma et al. [9] 
reported that a T6 treatment after FSP in a cast A356 alloy resulted in peak strength. The 




Fig. 6. OM of WE43 FSP nugget in T6 condition illustrating abnormal grain growth 
caused by the instability of the fine-grained microstructure at solutionizing temperature 
of 520°C. 
 
4.2. Material Flow 
Figure 7 shows macro images of the cross section for the three FSP conditions. 
Figure 3 shows the microstructures taken from the center of the nugget for the 3 different 
heat inputs in the T5 condition. The clear onion structure present in all processing 
conditions has been observed previously and was first discussed by Krishnan [50]. 
Krishnan [50] proposed that onion rings form due to the extrusion of semicylindrical 
plugs of material around the tool and correspond to the distance traveled per revolution of 
the tool. The onion rings have also been reported to contain oxide particles [51] due to 
exposure of processed metal to air as it proceeds around the tool to fill the cavity left by 
the advancing tool [50]. In the study on Al-2195 the onion ring pattern had a strong ring 
corresponding to pitch as well as two weaker equispaced rings that were concluded to 
form due to the flats of the tool [52].  
By comparing the three images in Fig. 7, the nugget can be separated into two 
distinct flow regions: pin influenced and shoulder influenced. These dynamic regions 
demonstrate that upon yielding of the initial extrusion band, the volume of material is 
separated into the two distinct shoulder flow and pin flow extrusion regions labeled 1 and 
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2, respectively. Upon superposition of the tool image, the reason for the flow separation 
is clear. Machining limitations precluded carrying the threads to the shoulder, and led to 
an upper region of the pin with no threads, thus no vertical displacement is encouraged in 
this region. The conclusion therefore is that the distinct difference of the two regions is 
due to the near complete radial displacement of material in the shoulder flow region (1) 
versus the pin flow region (2) that undergoes radial as well as vertical displacement. 
 
 
Fig. 7. Macro image of nugget geometry and onion ring structure for (top) 400 rpm 102 
mm/min, (mid) 700 rpm 153 mm/min and (bottom) 900 rpm 127 mm/min. Regions 1 and 
2 designate the shoulder and pin flow regions respectively. Advancing side is on the right 
for all images, while traverse direction is into the page. 
 
Figure 8 shows the variation in material flow versus process pitch. Clearly, the size 






Fig. 8. Variation of material flow regions with pitch, demonstrating the increase in nugget 
size with increasing volume of material processed per revolution. 
 
4.3. Mechanical Properties 
To maximize the strength of the parent material, a T6 heat treatment involving a 
solutionizing and aging step is performed. These results will serve as a baseline 
comparison for further discussion (Table 3). Although a T6 heat treatment is necessary to 
strengthen the base casting, the fine-grained FSP microstructure is unstable at 
solutionizing temperature (Fig. 6), and results in a significant coarsening of grains. Due 
to the instability of the nugget microstructure, a sequence of heat treatment must be 
developed to maximize properties across the casting. The sequence investigated in this 
study involved solutionizing (SS) the casting prior to FSP, then age after processing. 
These results have been compared to cast + T6, as FSP, and FSP + T5. The processing 
condition that provided best strength was 700 rpm-153 mm/min. The microstructure that 
corresponded to this parameter had the combination of highest volume precipitation of β1 




Table 3. Summary of mechanical properties for the as-cast and cast + T6 heat treatments 
 
Sample Condition Tensile 
Properties As-Cast Cast + T6 
UTS, MPa 181 ± 9.6 261.3 ± 5.2 
0.2 %YS, MPa 136.8 ± 14 202 ± 6 
% Elongation 1.9 ± 0.6 5 
 
This data indicates that in WE43, dissolution, precipitation and subsequent 
coarsening of the eutectic and β1 phase more significantly impact strength than grain size 
variation due to grain growth. Figure 9 gives the tensile properties of all heat treatment 
steps and the variation with the different factors that influence heat input (rotation rate 
and traverse speed) as well as with a measure of heat input per unit volume (process 
pitch). From Fig. 9, note that the UTS shows a strong correlation to traverse speed and 
weak correlation to rotation rate, which results in a weak correlation to process pitch. 






Fig. 9. Variation of tensile strength with various measures of processing thermal input. 
Tensile strength shows strong dependence on traverse speed. 
 
Figure 10 shows a large variation in yield strength due to heat treatment. The very 
strong correlation between yield strength and traverse rate, but weak correlation to 
rotation rate, is interesting. The lower heat input, or higher processing pitch, exhibits the 
lowest strength due to the incomplete homogenization of second phase particles. 
Solutionizing the casting prior to processing at this heat index has increased the YS by 15 
MPa. The middle heat input shows the same trend, yet achieves a higher strength due to 
more complete homogenization because of the increased thermal cycle during processing. 
For the highest heat index, a reasonable argument is that the processing temperature is so 
high that coarsening of precipitates at grain boundaries depletes intragranular precipitates 
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(Fig. 3). Figure 11 shows a substantial increase in percent elongation from the lowest heat 
input to the middle heat input, but seems to reach a plateau of 25%. For both tensile and 
yield strength the properties across heat index rise and fall, yet the elongation decreases 





Fig. 10. Variation of yield strength with various measures of processing thermal input. 













Fig. 11. Variation of elongation with various measures of processing thermal input. 
Elongation shows strong dependence on both rotation rate and traverse speed, and a 




• Friction stir processing of a cast WE43 magnesium alloy resulted in significant 
grain refinement and dissolution of the β-Mg-Y-Nd phase. 
• The impact of the dissolution of β phase had more influence on strength than the 
variation in grain size due to FSP thermal cycle. 
• A solutionizing step prior to FSP and subsequent aging resulted in the best 
mechanical properties due to increased homogenization. 
• Maximum ultimate tensile strength of 303 MPa, 0.2% yield strength of 253 MPa 
and an elongation of 17% were achieved with processing parameters of 700 rpm 
and 153 mm/min. These values resulted in a 125% processing efficiency when 
compared to the cast + T6 condition. 
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Abstract 
Single pass friction stir processing (FSP) was used to increase the mechanical 
properties of a cast Mg-Zn-Zr-RE alloy, Elektron 21. A fine grain size was achieved 
through intense plastic deformation and the control of heat input during processing. The 
effects of processing and heat treatment on the mechanical and microstructural properties 
were evaluated. An aging treatment of 16 hours at 200°C resulted in a 0.2% proof stress 
of 275 MPa in the FSP material, a 61% increase over the cast + T6 condition. 
 
Keywords: Friction Stir Processing, Elektron 21, EV31A, rare earth, cast 
magnesium, heat treatment 
 
1. Introduction 
Interest in the use of magnesium in weight critical applications such as aircraft and 
automotives to reduce fuel consumption and emission levels has intensified recently 
[1,2,3]. The majority of current magnesium applications lies in die casting for the 
automotive industry, and during the 1990’s the percentage of total vehicle weight 
comprised of magnesium in automobiles more than doubled [4]. Implementation of cast 
magnesium components through the vehicle potentially offers 100 kg of weight reduction 
per automobile [1,5,6,7]. In the aircraft industry, where the cost of weight savings is 100 
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to 1000 times more than in the automotive industry, low strength and poor ductility are 
primary factors that inhibit the more widespread application of magnesium components 
[2]. 
FSP (Fig. 1.) has been demonstrated as a viable process to increase the strength of 
castings by reduction of intermetallic particle size, grain size, and elimination of porosity 
through forging pressure [8]. FSP is a thermo mechanical microstructural modification 
tool [9,10] developed from the concept of friction stir welding patented by TWI [11]. FSP 
uses frictional heat and pressure generated from mechanical work, transmitted through a 
tool consisting of a pin and shoulder, to impart localized grain refinement through intense 
plastic deformation [8]. Notably, microstructural modification via FSP has been 
conducted on cast aluminum alloys A356 and A319 [12,13]. In the studies by Ma et al. 
[12,14,15] on A356, a significant increase in mechanical properties, strength, ductility 
and fatigue life of the FSP material was reported. FSP has been demonstrated on 
magnesium-aluminum-manganese (AM) and magnesium-aluminum-zinc (AZ) casting 
alloys AM60B, AM50, AZ91/6, AZ91D4, AZ95D/5 [16,17,18,19]. The AM and AZ 
alloys, such as in the previous studies, are relatively inexpensive due to the relatively low 
cost of the alloying additions and ease of melt handling [20]. For aerospace and emerging 
automotive applications, high strength and creep resistance are important factors. 
 
Fig. 1. Schematic of friction stir processing [8] 
 
Mg alloys that contain rare earth elements exhibit excellent creep resistance and high 
temperature strength. Recent work by Tsujikawa et al. [21] on an Mg-Y-Zn cast alloy 
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found that multiple pass friction stir processing had no significant effect on the grain size 
of the prior pass. A study of high-strength, creep-resistant alloy WE43 [22] showed that 
for simultaneous peak strengthening of the nugget and casting, variation of processing 
thermal input was critical to the control of dissolution and precipitation morphology but 
only weakly affected grain size. Tsujikawa et al. [21] also found that a solutionizing step 
prior to FSP followed by an aging treatment yielded highest nugget strength. The ability 
to tailor local material properties within a bulk component offers designers more freedom 
and allows for synergistic casting design. 
Elektron 21 (ASTM EV31A) is a recently developed sand cast magnesium alloy 
designed and patented by Magnesium Elektron for specialty applications with 
temperature resistance of up to 200°C and good corrosion resistance [20]. The physical 
properties of EV31A are listed in Table 1. EV31A provides better castability and offers a 
low-cost alternative to high strength, creep resistant magnesium — yttrium alloy Elektron 
WE43 [20]. The benefits of magnesium casting are highlighted by exceptional fluidity, 
fast cycle time due to low latent heat, and good die life. State-of-the-art magnesium 
alloys offer high specific strength at room and elevated temperatures, good creep and 
corrosion properties, excellent machineability and dampening characteristics [16]. 
Despite all the benefits of the casting process, mechanical properties can vary 
significantly due to solidification issues such as coarse interdendritic phases, large grain 
size, and interdendritic microporosity [23,12]. 
 





















1.82 26.7 86 94.6 997 
 
2. Effect of Alloying Elements 
The microstructural constituents of the Mg-Zn-Zr-Nd-Gd alloy EV31A are not well-
documented, especially with respect to ternary phases. The majority of work thus far has 
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been done with respect to interactions observed in the respective binary phase diagrams. 
The probable precipitation sequences of the elements present in EV31A have been 
summarized in Table 2. 
 
Table 2. Summary of probable precipitation sequence 
Mg-Zn [25] SSSS GP Zones MgZn2 MgZn2 Mg2Zn3 
  discs hcp rods hcp discs trigonal 
Mg-Nd [25] SSSS GP Zones β" β' β 
  plates D019  Mg3Nd Mg12Nd 
   hcp plates  fcc plates bct 
Mg-Gd [26] SSSS ? β" β' β 
   D019  bc ortho Mg5Gd  
   hcp plates fcc plates 
Mg-Nd-RE SSSS β" β' β1 [28] β 
(Gd,Dy,Y)  D019 [27] bc ortho fcc fcc 
[25]  platelets globular plates  
 
2.1 Mg-Zr 
 An excellent summary of the current state of knowledge of grain refinement in cast 
Mg alloys is given by St. John et al [29]. Of several methods for grain refinement of Mg 
alloys during casting, main ones include superheating, carbon inoculation, incorporation 
of Fe or Al to form Fe and Al-rich intermetallics [30]; and Zr addition [29], such as in 
EV31A. The α-Zr cored structure, which is a characteristic phase in Mg-Zr type alloys, is 
believed to be important to grain refinement during solidification [31,32,33]. The 
structure is believed to be formed through a peritectic reaction upon solidification 
[31,33]. Current understanding is that zirconium contributes to very effective grain 
refinement by two primary mechanisms: constitutional undercooling due to a high growth 
restriction factor [32]; and grain nucleation due to magnesium and zirconium having the 
same crystal structure and similar lattice parameters [31]. The end result of this reaction is 
spherical clusters of α-Zr particles in Mg matrix. For later discussion, note that Zr does 





The addition of Zn to Mg alloys has two main benefits. The first is the substantial 
increase in the critical resolved shear stress required for slip of the basal plane at room 
temperature when compared to Al, Ti, Cd, and In additions [35,36]; and when solubility 
is exceeded, precipitation strengthening of the MgZn type occurs near peak hardness 
values upon aging [35]. Later work [37] on an Mg-Zn-Zr alloy MB15, 5.0-6.0% Zn and 
0.3-0.6% Zr identified the presence of MgZn2 and Mg2Zn3. The presence of MgZn has 
also been reported in Mg-5% Zn- 5% Sn alloy [38] by EDS and XRD analysis. In this 
study the formation of MgZn precipitates was attributed to the increase in strength upon 
age hardening. An interesting point to note is that the accepted precipitation sequence of 
Mg-Zn alloys does not contain MgZn (Table 2). More recently a TEM and XRD analysis 
of the precipitates in an Mg-Y-Zn as-cast alloy was performed by Rao et al [39]. The 
presence of nano sized MgZn and MgZn2 precipitates suggested these precipitates 
improved the mechanical behavior of this alloy. The existence of a long periodic stacking 
phase (LPS) 18R-Mg12ZnY due to cooling of a SSSS was also observed in this study; the 
existence of these ordered phases has previously been reported [39-44].  
 
2.3 Zr-Zn 
Zn as a grain refiner in this alloy system has been the focus of recent work by 
Hildebrand et al [45]. In confirmation of results by Löhberg & Schmidt [46] and Bhan & 
Lal [47], Hildebrand et al. indicate that solubility of Zr increases with the addition of Zn 
up to a peak value. Further investigation of the effect of Zn on Mg-Zr binary by Arroyave 
et al. [48] suggests that the decrease in solubility of Zr in Mg with excess Zn is due to the 
formation of zinc zirconides. The existence of zinc zirconides most commonly in the 
form of ZrZn, Zr2Zn, ZrZn2 and Zr3Zn2 [48] has been observed by [31,37,45,49,50]. 
Based on phase equilibrium work [37,49,51] for the respective Mg-Zn-Zr binaries and 
lack of evidence of a ternary compound, Arroyave et al. [48] concluded that existence of 
a ternary was unlikely in the calculation of the Zn-Zr phase diagram. Although no ternary 
phases are believed to form between Mg-Zn-Zr, recent studies have shown formation of 





Besides the beneficial effects of grain size reduction in the as-cast condition, the 
addition of Zn enhances precipitation strengthening [53] in RE containing alloys. A 
significant benefit of Zn addition to Nd-containing alloys is the decrease of Nd solubility 
in Mg [34], which can result in more effective use of Nd for precipitation strengthening. 
Zn addition has been reported to increase yield strength in both Mg-Nd and Mg-Y alloys, 
decrease plasticity in hot extruded Mg-Y alloys, increase plasticity in extruded Mg-Nd 
alloy in the T6 condition, and lower the necessary solutionizing temperature in Mg-Nd 
alloys [34,54-56]. The addition of Zn to Mg-RE system has been observed to change the 
eutectic morphology from dendritic to equiaxed [20,57,58]. Also note that the binary 
phase diagram of the Gd-Zn system shows several binary phases [59]. 
 
2.5 Mg-Nd-Gd 
The combined additions of Gd and Nd in Mg alloys have been reported to increase 
castability and precipitation strengthening [53]. According to the binary phase diagrams 
of Mg-Nd and Mg-Gd, there are several stable binary phases. In the Mg-rich portion of 
these diagrams the phases Mg5Gd [60] and Mg41Nd5 [61,62] form through eutectic 
reactions. The binary system of Nd-Gd demonstrates no stable compounds [63], and these 
elements have nearly zero solubility in each other at room temperature, yet a spinoidal δ 
phase forms around Gd1Nd1. The investigation of the Mg-3Nd-Gd ternary [27] revealed 
that the solid solubility of Gd in Mg is significantly reduced when Nd is added. This 
reduction in solubility is important in the aging response of this alloy system.  
 
3. Experimental 
In this study, the as-received material was a sand cast EV31A plate in the T6 
condition provided by Magnesium Elektron, with a nominal composition of 0.5%Zn-
3.1%Nd-1.7%Gd-0.3%Zr-bal. Mg (in wt. %). The coupon had dimensions of 64 mm x 9 
mm x 150 mm. Single pass FSP runs were performed on the coupon with the following 
processing conditions: rotational speed of 400 rpm and a traverse speed of 102 mm/min 
with a tool tilt angle of 2.5° in air (Fig. 2). The MP159 alloy tool had a 25.4 mm shoulder 
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with a cylindrical threaded pin of 7.2 mm length and 6.4 mm diameter. For mechanical 
testing, mini-tensile samples with 4.2 mm gage length and 1 mm gage width were 
machined from the nugget. Samples were CNC machined from the transverse section so 
the gage length was entirely in the nugget. Four tensile samples for each heat treatment 
were ground to a final thickness of 0.5-0.55 mm and given a 1µm polish before testing. 
Tensile testing was performed at a strain rate of 1x10-3 s-1. Metallographic samples were 
mechanical polished to 0.05µm and etched using an acetic glycol etchant [25].  
 
 
Fig. 2. Image of FSP EV31A surface texture. The bright smooth texture is indicative of 
lower process temperature. 
 
To maximize the strength of EV31A a T6 treatment was performed; solutionizing 
(520°C for 8h), warm water quench (60-80°C) and aging (200°C for 16h). The effect of 
heat treatment was investigated according to the experimental schedule in Table 3.  
 
Table 3. Experimental heat treatment schedule with aging time of 16 hrs 
 
 Heat Treatment 
Sample ID Solutionizing, °C Aging, °C 
Cast + T6 520 – 8 hr 200 
FSP X X 
FSP + T6 520 – 8 hr 200 
FSP + SS + Age 490 – 1 hr 200 




Optical microscopy (OM), scanning electron microscopy (SEM JEOL 840A), energy 
dispersive spectroscopy (EDS) and differential scanning calorimetry (DSC) techniques 
were used for microstructural study; quantitative analysis was done with ImageJ software 
package. Grain size was determined through the mean linear intercept method, where 
spatial grain size = mean linear intercept length x 1.78. 
 
4. Results and Discussion  
4.1 Microstructure 
4.1.1 Microstructure – As-Cast 
The dendritic arm spacing of the cast EV31A (Fig. 3) was calculated to be 52.8 ± 25 
µm. An analysis of the as-received microstructure showed 3 main regions of interest (Fig. 
4): lamellar eutectic, innerdendritic plate-like precipitates and Zr clusters. In the as-
received microstructure the Zr rich clusters have no resolvable structure and are generally 
located toward the dendrite interior, where the volume of precipitates is lower than near 
the interdendritic regions. The spherical zirconium-rich peritectic regions ranged in 
radius from 6-20 µm. A microstructural study of Zn-free Mg-RE alloy GN72, which has 
same RE elements as EV31A, has been reported [64]. In particular, an analysis of the as-
cast eutectic, β and β1 phases was presented. Their study did not report on lamellar 
eutectic. All analyzed phases had an FCC structure, and the compositions for eutectic and 
β phases were Mg5(Nd0.5Gd0.5), Mg5(Nd0.33Gd0.67). In another microstructural study on 
Mg-Zn-Zr-RE alloys ZE41A and EZ33A [65], a eutectic Mg-Zn-RE interdendritic phase 
was observed. In the higher Zn-containing alloy ZE41A (~4 wt% Zn), coring of Zn 
around the eutectic intergranular phase was strong. The Zn coring towards interdendritic 
regions lessened in alloy EZ33A (~2.4 wt% Zn), but the majority of Zn was still 





Fig. 3. BSE of EV31A in F temper. Primary features are intergranular lamellar structure, 
Zr-rich clusters, and dense precipitates located heavily near grain boundaries. Black 
circles are artifacts from corrosion products due to reaction of Zr-rich clusters with 
colloidal polishing suspension. 
 
A summary of the EDS analysis performed on the regions of interest (Fig. 4) in 
EV31A in the as-cast state is shown in Table 4. Although Zn was detected throughout the 
matrix, a high concentration of Zn was located in the eutectic phases. The interdendritic 
region consists of an Mg-Zn-RE lamellar structure, which is an indication of a quaternary 
eutectic transformation between α-Mg and Mg-Zn-Gd-Nd, although the existence of this 
would need further evaluation to confirm. The bright white interdendritic phase is 
significantly higher in concentration of Zn and Gd, than the gray phase. The gray 
interdendritic regions likely are present due to continued diffusion from the Mg-Zn-RE 
eutectic after solidification. Undoubtedly a large error is present in EDS measurements 
due to the large interaction volume and high Z values of the RE components, but for 
simplicity a relatively simple method for determining phase stoichiometry in thin foils 
through extrapolation of composition was presented by Lorimer et al. [66] and used in 
this study as applied to scanning electron microscopy. 
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To determine the stoichiometry of the as-cast eutectic phase, composition of the RE 
alloys was plotted versus Mg content (Fig. 5). The eutectic phase ranged in composition 
from 50-70% Mg; this leads to an Mg3X2 stoichiometry where X is the combined 
composition of Nd, Gd and Zn. Considering the fractions of the individual constituents, a 
stoichiometry of Mg3(Nd0.525Zn0.325Gd0.125)2 was calculated. 
 
 
Fig. 4. BSE of as-cast microstructure. Regions labeled 1-5 have been evaluated through 
EDS (Table 4). 
 
 
Table 4. EDS analysis of as-cast microstructure 
 
Phase Composition (at %) 
 
Mg Zr Zn Nd Gd 
matrix 96.5 0.7 0.4 1.5 0.9 
1 79.8 ± 8.3 0.9 ± 0.9 3.5 ± 0.6 14.1 ± 6.7 1.6 ± 0.1 
2 59.8 ± 5.8 0.6 ± 0.6 13.2 ± 3.8 21.2 ± 2.2 5.3 ± 1.6 
3 80.8 ± 6.3 0.2 ± 0.1 3.5 ± 1 13.2 ± 4.6 2.4 ± 0.6 
4 94.7 3.8 0.6 0.7 0.3 





Fig. 5. Variation of Nd, Zn and Gd content as a function of Mg concentration in matrix 
and intergranular phase of EV31A in as-cast condition.  
 
An analysis of the suspected Zr-rich region (Table 4 #4) showed that it indeed was 
the well-documented α-Zr cluster. The EDS analysis also showed that the cluster had an 
increased concentration of Zn when compared to the matrix, which may indicate the local 
formation of zinc zirconides. Also interesting is that the cluster shows a decreased 
concentration of RE elements when compared to the matrix; this indicates that solute is 
rejected from this region. The plate-like phase (Table 4 #5) was fairly small, which made 
accurate analysis of its composition difficult. The plate structure is Nd-rich, but 
distinguishing composition from the matrix is unreliable and has not been conducted in 
this work. 
 
4.1.2. Microstructure – As-Cast + T6 
Peak mechanical properties at both elevated and room temperature as well as 
exceptional creep properties have been attributed to precipitation of β” and β’ on 
prismatic planes as they act as barriers to gliding dislocations [67-71]. Mg-Y-Nd alloy 
WE43 [28] observations show that peak hardness corresponds to a majority of β’, β1 and 
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equilibrium β precipitates. The grain size of EV31A in the T6 condition (Fig. 6) was 78.5 
± 22 µm. The average size of the eutectic phase on the grain boundaries after the T6 
treatment decreased and transformed to a consolidated Nd-rich phase. The Mg3 
(Nd0.525Zn0.325Gd0.125)2 phase present in the as-cast condition completely transformed 
during the T6 treatment.  
 
 
Fig. 6. BSE image of EV31A in T6 condition, showing the intergranular Mg-Nd-Gd-Zn 
phase and Zr-Zn clusters.  
 
An EDS analysis was done on the T6 microstructure to investigate phase 
composition (Table 5). The most notable feature of this microstructure is the 
transformation of Zr clusters into Zr-Zn clusters. A majority of the Gd and Zn present 
prior to T6 treatment in the as-cast eutectic phase diffused into the matrix. Since no clear 
location of Gd was found due to the high solubility of Gd in Mg, likely a fine dispersion 
of Mg-Gd type precipitates form upon aging of the SSSS; yet these structures are not 
identified in this study. Also likely is that Mg-Zn type precipitates will form upon 
decomposition of the SSSS, yet they were undetectable through SEM analysis. As the 
high concentrations of Zn present in the as-cast eutectic diffuse into the matrix, the 
formation of zinc zirconides of the type Zr2Zn and less frequently Zr3Zn2 seems to be 
preferred (Fig. 7), as almost no Zn was left in the matrix or grain boundaries. The Zn-Zr 
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type precipitates also were oriented on prismatic planes and had the morphology of either 
needles or plates, while the central particles had a faceted structure. A final observation 
was that the Zn-Zr clusters, similar to the α-Zr clusters in the as-cast state, were highly 
susceptible to corrosion during polishing. 
 
 
Table 5. Results of EDS analysis of T6 microstructure 
 
Phase Composition (at %) 
 
Mg Zr Zn Nd Gd 
matrix 99.1 ± 1.3 0.4 ± 0.5 0 0.4 ± 0.5 0.2 ± 0.3 
eutectic 89.8 ± 8.4 0 1.1 ± 0.4 8.3 ± 7.9 0.4 ± 0.3 
needles 92.6 ± 6.8 4.9 ± 4.8 2.2 ± 1.8 0.2 ± 0.1 0.1 ± 0.1 
cluster core 67.8 ± 26.7 21.9 ± 18.4 10.1 ± 8.3 0.2 ± 0.1 0 
 
 
Fig. 7. BSE of Zr2Zn clusters in EV31A formed after T6 treatment at prior α-Zr rich 
clusters. Not all clusters were identical as shown; image on left has no apparent central 
core, while image on right has a clear core structure of same composition as needles. 




Similar to the calculation of composition for the as-cast eutectic, an extrapolation 
technique was used to determine the equilibrium eutectic (Fig. 8). The composition 
calculated at 75% Mg was Mg3(Nd0.88Zn0.08Gd0.04).The clusters of data around 90-94% 
Mg represent a stoichiometry near Mg12Nd, which is the equilibrium β phase of the Mg-
Nd precipitation sequence (Table 2). Thus the possibility that the presence of the 
elements Zn and Gd in the EDS analysis originate from solubility in the Mg12Nd phase, 
or are spurious peaks from interaction volume, is not ruled out in this study. 
 
Fig. 8. Variation of Zn, Nd and Gd content as a function of Mg concentration in matrix 
and intergranular phase of EV31A in T6 condition. 
 
4.1.3. Microstructure – FSP 
This study demonstrates the benefits of using FSP as a modification tool to enhance 
the mechanical properties of an EV31A sand cast plate. The microstructure of the FSP 
region is governed by the inherent temperature and strain generated during FSP by 
frictional contact of the material at the interface with the rotating tool. The frictional 
condition, thus resultant microstructure, can be controlled at the tool interface by 
selecting appropriate rotation rate and traverse speed. Strains in excess of 40 and strain 
rates of 10 s-1 reportedly [72-74] are achievable, while temperature in Mg alloys can 
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range from 370°C to 500°C [75,76]. An extensive review of the microstructural evolution 
during FSP and effects of processing parameters are available [8]. Dynamic 
recrystallization (DRX) to govern grain refinement in FSP [77-80] is largely accepted, 
although the exact mechanisms that govern the resultant microstructure are still being 
debated. Largely the controversy is between the proposed multiple mechanism model 
(discontinuous DRX, grain growth, dislocation introduction, dynamic recovery and 
continuous DRX) [81] and geometric DRX followed by static annealing [82,83]. Pragnell 
et al. [82] found no evidence to support continuous DRX as proposed by Su et al [81], 
and remarked that the high temperature microstructural evolution during FSP can be 
directly compared to high strain hot torsion processing, despite the much lower strain rate 
present during hot torsion processing. Su et al. [81] cite work by Blum [84] in remarking 
that recrystallized grain size of Al alloys by means of geometric DRX is limited to 1-3 
times the subgrain diameter [81]. To date no definitive recrystallization mechanism 
governing the microstructural evolution has been agreed upon. 
The FSP EV31A nugget was sectioned in the transverse direction (Fig. 9) for macro 
analysis of material flow. The nugget region shows the signature onion rings which have 
been reported to appear with a periodicity of pitch (distance advanced in welding 
direction/revolution or traverse speed/rotation rate) [85]. The onion rings have also been 
reported to contain oxide particles [86] due to exposure of processed metal to air as it 
proceeds around the tool to fill the cavity left by the advancing tool [85]. In the study [82] 
on Al-2195 the onion ring pattern had a strong ring corresponding to pitch as well as two 
weaker equispaced rings that were concluded to form due to the flats of the tool. In the 
present study the onion rings in EV31A were observed not to be continuous semicircles, 
but seemed to alternately align in several locations. The onion rings also showed a 
gradual change in grain size across each ring. This is believed to be preferential 
coarsening possibly due either to texture or to the presence of oxide particles; more 
investigation would be necessary to define the exact reason. 
SEM analysis revealed that the central region of the FSP nugget (Fig. 9) possessed 
the maximum grain size = 3.4 ± 0.26 µm, which is a significant reduction from the 78.5 ± 
22 µm in the T6 condition. Recent studies of the effect of FSP on WE43, an Mg-Y-Nd 
casting alloy [22] show similar grain size of 3.9 ± 0.32 µm at same processing conditions, 
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with different tool geometry. This grain size also matches well with the reported ~3-4 µm 
grain size achieved with same tool geometry in A356 [15]. SEM images of nugget (Fig. 
10) show the distribution of particles present after FSP.  
 
 
Fig. 9. Macro image of nugget cross section oriented that welding direction into page. 
Maximum grain size is in central region of nugget = 3.4 ± 0.26 µm.  
 
 
Fig. 10. BSE of as friction stir processed region in EV31A unetched (left) and etched 
(right). Presence of both Zr2Zn3 (bright white) particles and β-Mg12Nd (grey) particles 
were detected via EDS; black regions correspond to dissolved phase from etching or 
particle dropout. 
Particle size in nugget region was determined by calculating average area and was 
0.05 ± 0.04 µm2, while for similar processing condition particle size in A356 was 2.84 ± 
2.37 µm. This reduction in particle size has been reported to be a main contributor to 
elongation and fatigue property improvement in Al alloy A356 [87]. In the study of 
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A356, particle distribution was homogeneous; whereas in the present study (Fig. 10), 
particle banding is evident. To explain the significant difference in particle size post FSP, 
since the grain sizes are similar, the diffusivity of the second phase is considered. In the 
aluminum system silicon particles have very low solubility at processing temperatures, 
while the RE elements in the magnesium system have high solubility at processing 
temperatures. Deformation mechanism map construction for pure Mg and pure Al shows 
that at temperatures present during FSP, diffusion of Mg atoms is 5–6 times that of Al 
atoms [88]. This may be why upon similar processing conditions and expected similar 
strain rates, Mg particles are so much more refined.  
 
4.1.4. Microstructure – FSP + HT 
Although the FSP microstructure exhibits enhanced ultimate strength, yield strength 
and elongation, optimization of the heat input and subsequent heat treatment are 
necessary. In application of FSP for casting modification, a local region of the casting 
will be processed for enhancement or repair. Thus the strength of the casting and FSP 
region must be maximized simultaneously. Through the correlation of input processing 
parameters to resultant microstructural properties, heat treatment can be tailored to design 
specifications.  
To maximize the strength of the FSP region, a T6 heat treatment was performed 
(Table 3) on the FSP material. The resultant microstructure (Fig. 11) experienced 
abnormal grain and particle coarsening. Abnormal grain growth is defined when grains in 
local regions of the microstructure grow at a faster rate than surrounding regions creating 
a bimodal grain distribution. Even after a solutionizing step of 520°C for 8 hrs, clusters of 
5-10 µm grains are present on the prior noted FSP fine grain bands indicated by white 






Fig. 11. BSE of friction stir processed region in EV31A after T6 heat treatment. Arrows 
represent clear regions of grain growth discontinuity at locations of prior banded 
microstructure. 
 
The next heat treatment that was performed was a short solutionizing step and age 
(Table 3). This microstructure was not analyzed, but inferences will be drawn based on 
the mechanical data presented in the next section. The final heat treatment performed was 
a direct aging step on the FSP material (Fig. 12). This microstructure, as can be seen in 
the BSE image, contained a very dense concentration of precipitates. Due to the high 
volume fraction, proximity, and relative size of these precipitates, EDS analysis of the 
phases was not done. Yet the majority of the visible precipitates can be assumed to be the 






Fig. 12. BSE of friction stir processed region in EV31A aged for 16 hrs at 200°C. Note 
extremely high precipitate density, which inhibited ability to distinguish between the 
separate phases.  
 
4.2. Mechanical Properties 
The mechanical properties after processing are significantly improved due to a 
combination of reduction in grain size, breakage of secondary particles and dissolution of 
strengthening phase. Representative stress-elongation curves for the mini tensile 
specimens are shown in Fig. 13. EV31A in the T6 condition shows behavior similar to 
the FSP + T6 and FSP + SS + Age specimens. The FSP and FSP + Age specimens show 





Fig. 13. Representative tensile test curves for EV31A in various processing conditions at 
a strain rate of 10-3 s-1. Samples tested in FSP and FSP + Age condition show yield point 
phenomena. 
 
Figure 14 shows a summary of the average properties obtained from mini tensile 







Fig. 14. Average room temperature tensile properties according to experimental schedule 




To gain a better understanding of the change in failure mechanisms due to FSP, SEM 
analysis of the fracture surface was performed. Figure 15 shows the fracture surface of 
EV31A in the T6 condition and the FSP condition. Fractograph of the T6 condition 
specimen consists of large flat cleavage planes. The dramatic difference in the fracture 
surface after FSP is a direct result of the grain size reduction in this study. This dimple 
fracture surface is the result of microvoid coalescence and not cleavage of grains as seen 





Fig. 15. SEM images of fracture surface of EV31A in T6 condition (left) and FSP 
condition (right). Appearance of the fracture of the T6 condition and FSP condition are 
typical of high and low ductility fracture. 
 
4.4. DSC Results 
The reaction kinetics of similar alloys has been reported to be quite slow [64], and 
natural aging of the SSSS does not occur in the 3.5 month evaluation [34]. During 
friction stir processing, although temperatures can reach around 500°C, very short time at 
temperature leads to the question of whether dissolution of RE elements is possible. Since 
diffusivity is known to be governed by temperature, time, and strain, a reasonable 
conclusion is that the large strains dramatically affect the diffusion kinetics. Analysis of 
deformation mechanism maps [88] shows that when considering a strain rate of around 
40 s-1 and temperature around 500°C, deformation mechanism is slip and controlling 
mechanism for diffusion is pipe. Pipe diffusion is very efficient; and since dislocations 
are being generated at a large number during processing, diffusion is expected to occur 
rapidly, and to be extenuated by the fine grain size. 
A DSC analysis of the FSP material compared to the T6 condition (Fig. 16) 
demonstrates the significant dissolution that is achieved during FSP. Unfortunately, the 
lack of knowledge of precipitation in this alloy precludes quantitative analysis. Although 
the exact composition of the precipitates is unknown, the suggested precipitation 





Fig. 16. DSC analysis of samples in the FSP condition compared to the T6 condition. 
Significant dissolution is obtained through FSP as evident by the presence of exothermic 
peaks P1 & P2. 
 
A preliminary DSC investigation was done on EV31A and WE43 by Riontino et al. 
[89]; yet due to lack of literature on the precipitation sequence of this alloy, only one 
reaction was identified for EV31A. In their study the exothermic reaction at 300°C was 
attributed to formation of β1 phase based on the same reaction observed in WE43. In the 
FSP condition an exothermic peak, P1, present around 150°C was observed. The 
presence of this peak is not clearly understood and has not been previously observed in 
the air-cooled DSC analysis of EV31A [89]. The DSC study of the water-quenched 
WE43 sample demonstrated exothermic peak at the same temperature observed in this 
study and is attributed to the simultaneous formation of β” and β’. Thus P1 is likely due 
to the formation of similar β” and β’. 
In both the FSP- and the air-cooled samples [89], P2 is present, though the size of the 
peak in the FSP sample is much greater, thus indicating that the FSP time at temperature 
is a more effective method of retention of SSSS than air cooling from solutionizing 
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temperatures. The curve for the T6 sample shows no P2, but a very strong D1 and P3, 
which implies that although the sample is aged at 200°C, the precipitation is converted to 
its equilibrium state. The presence and strength of P2 in the FSP sample and the 
subsequent P3 suggest that P2 is due to the formation of β1 and P3 corresponds to its 
conversion to equilibrium β.  
The remaining peaks seen in the FSP sample are unique to the FSP microstructure. 
P4 was observed in the DSC curve of the FSP + T6 sample as well. The large peak at P5 
is believed to be due to grain coarsening of the fine-grained FSP microstructure. Further 
TEM investigation would be needed to validate the precipitation sequence of this alloy. 
 
5. Conclusions 
FSP of EV31A resulted in a reduction of grain size, breakage and dissolution of 
second phase particles. The grain size reduction was from 78.5 ± 22 µm in the T6 
condition to 3.4 ± 0.26 µm. The FSP particle size was measured to be 0.05 ± 0.04 µm2. A 
significant dissolution of strengthening precipitates achieved during friction stir 
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